Task 1: The long-term goal of this task is to determine, for a broad range of frequencies (nominally 10-100 kHz), the limitations imposed by the oceanic environment on the exploitation of coherent signal structure. This understanding is required in order to optimize sonar signal processing structures (e.g. channel conditioning, especially in shallow water), for wideband signal and processor design, and for acoustic propagation modeling.
Task 2:
The long-term goal of this task is to develop the capability to predict the dynamic and spatial characteristics, and the corresponding acoustic response (attenuation, local sound speed, and backscattering strength), of the bubbly wakes of Navy warships. We seek a predictive capability for how acoustic propagation and scattering vary with frequency, source-receiver geometry relative to the wake, and the shape and speed of the vessel, as well as the spatial and temporal statistics of attenuation and scattering strength in the wake.
OBJECTIVES

Task 1:
Since coherent signal processing relies on the signal remaining so, while the interference does not, the experimental and theoretical objectives focus on signal coherence as a function of (elapsed) time and frequency (separation and/or bandwidth), and in particular, impact of the medium and the development of a predictive capability. The scientific objectives of this task are to: 1. Directly measure the time and frequency coherence of individual paths in an acoustic ocean channel while varying the signal bandwidth and center frequency, as well as the source-receiver geometry, and characterizing the ocean boundaries and volume 2. Investigate the physical mechanisms which impact propagation through the ocean channel and which limit acoustic coherence 3. Develop acoustic propagation models which predict acoustic coherence 4. In the far term, investigate signal processing architectures that exploit knowledge of oceanic time and frequency behavior.
Task 2:
The scientific objectives are to understand and develop satisfactory models for (1) the spatial and temporal variation and size distribution of bubbles found in ship wakes and (2) acoustic propagation through, and scattering from, the complex in-water media caused by a warship wake. It is important to note that we are investigating 10's of kHz center frequencies and bandwidths up to 22kHz, both of which are significantly greater than those used by most other researchers. There are few published measurements of temporal or frequency coherence for high frequencies [1] [2] [3] [4] [5] . We find that signal coherence remains high (>50%) for larger bandwidths and longer times than intuition had led us to expect [6] .
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Task 2: Our approach has been to: (1) Improve the wake hydrodynamic/bubble field description. [7] . More recently, we have focused in two objectives: 1) Development of a hybrid Reynolds Averaged Navier Stokes (RANS)/Destached Eddy Simulation (DES) technique for solving the instantaneous hydrodynamic and bubble field in the ship wake, and 2) Development of a complete engineering-level model for the hydrodynamic wake.
Wake hydrodynamic modeling using DES:
The turbulent wake left by a ship can be qualitatively viewed as a large population of different size eddies. The RANS solutions represent an average of the flow and hence all of these stochastic motions are smoothed out. This implies that the level of detail required to capture more completely the turbulent transport of the bubble field is non-existent in RANS solutions. Due to the large Reynolds number of the flow in ship wakes, ~ O(10 7 ), numerical solutions aimed at resolving all of the scales, or most of the energy containing motions are prohibitively expensive to implement. The alternative is DES [8] , which is a hybrid implementation of large eddy scale (LES) and RANS. It allows for resolution of most the energy containing eddies in the wake region, or the region of interest, and RANS type of treatment everywhere else, so that the costs associated with high resolution are only confined to the region of interest.
Engineering-level wake model: The goal of the this effort has been to establish a complete in-house modeling toolkit, where the analyst inputs geometry and operating conditions (speed, orientation, seastate), runs RANS analyses of the ship, near wake and far wake, processes the wake to accommodate (model) instantaneous turbulence effects, and performs PE acoustic analysis on the wake. This procedure is shown in Figure 1 . 
Acoustic propagation modeling.
To model acoustic propagation through the wake, have focused on a parabolic approximation to the wave equation (PE) because of its capability to deal with range and depth-dependent media. Under this project, during past years, an existing two-dimensional PE model [9] was adapted for use in the ship wake [10] , applied to a simple, unclassified 3D random wake acoustic field developed from open literature sources [11] , and transitioned to the Navy (ONR and NAVSEA) surface ship torpedo defense (SSTD) programs, where it is currently used extensively. Our current effort is to directly connect the wake hydrodynamic and bubble transport model to the acoustic modeling code. Also, working closely with the Navy's SSTD program, the capability of the PE code has been expanded to provide time domain, pulse propagation visualization and ported to an FFT card for faster execution speed.
Effects of wake spatial variability. Using PE to model acoustic propagation through the wake uses an effective medium approach, in which the two-phase bubble-water field is replaced with a single-phase medium that is dispersive and exhibits frequency dependent attenuation and scattering. The statistics describing propagation through bubbles, which can be derived using multiple scattering theory, as well as the inherent assumptions contained in the theory, are being examined in both a theoretical sense and in a laboratory environment. In particular, potential deviations from the classic approach to multiple scattering theory caused by 'patchy' bubble clouds are being investigated.
WORK COMPLETED
Task 1: During 14-18 August 2002, acoustic measurements were made twice daily using 20kHz and 40kHz center frequencies, 0.14ms and 1ms PT signals, and 8ms FM signals with 1, 7, 13 and 22kHz bandwidths. The geometry is shown in Figure 2 . Environmental conditions were relatively calm, with wind speed averaging 7kts and rms wave height below 0.1m (the latter due to screening by nearby San Clemente Island). Measurements from the fifteen sensor CTD chain allowed for very fine resolution of horizontal structure in the sound speed field (Figure 2 ). In the upper 20m, Langmuir circulation apparently has pulled warmer, surface water down to depths where the surrounding temperature and sound speed are much lower. Sound speed anomalies at 20m to 50m depth are likely caused by Task 2: Wake hydrodynamic modeling using DES: The work completed under this sub-task includes implementation of DES in CFDSHIP [12] , validation efforts for canonical separating bluff body flows representative of the surface ship near wake region, and application to the Model 5415 hull form. Several of these results have now been published [13] and selected results are presented below.
Engineering-level wake model: CFDSHIP code is employed in the model to compute the single-phase RANS flow field about the ship and wake (pressure and velocity boundary conditions, including the effect of propulsors on the wake flow). Then, using the CFDSHIP solution, the multi-phase NPHASE code, used in the earlier propulsor flow effort, is used to evolve a Reynolds Averaged bubble distribution through the wake for a range of bubble sizes and arbitrary initial data plane (IDP) bubble number density distribution. These solutions fully accommodate bubble size, number density and IDP physics, but in an ensemble averaged fashion. The next step involves appropriate interpolation and randomization of the predicted bubble distributions using the technique of Rapids and Culver [11] . The randomized "instantaneous" bubble distribution is then input to the PE analysis. The work completed in this effort involves the software interfacing of the various elements of the model, and numerous analyses of the 5415 configuration.
Acoustic propagation modeling.
A time domain version of PE was developed, which enabled visualization of pulse propagation through the bubbly wake field [14] . The frequency-dependent attenuation and refraction caused by particular size distribution of bubbles were clearly visible and provided an understanding of WWII-era ship wake acoustic measurements. Also, progress was made linking the wake hydro model and the PE propagation model [14] . The difficult aspect here is interpolating the vector-based output of the hydrodynamic code onto a rectilinear grid required by PE.
Effects of wake spatial variability.
A predictive capability describing the variance in acoustic observations due to multiple scattering by bubbles has been developed, including a more accurate derivation for variance then was previously available (i.e. includes more orders of multiple scattering). This capability has been verified in laboratory generated bubble clouds [15] . In order to examine the effect of 'patchy' bubble clouds, a non-acoustic imaging technique to measure the spatial structure of the bubbles based on laser tomography is currently being developed
RESULTS
Task 1:
One result obtained thus far is that the correlation of the surface reflected acoustic path was found to decrease with increasing signal bandwidth ( Figure 5 ) [6, 16] . In this still preliminary look, the fall off in correlation appears to be consistent with theory due to Dahl relating increasing time spread to decreased frequency coherence [5] . .
Engineering-level wake model:
Using the interpolation procedure developed under this program, the CFDSHIP results were used to initialize numerous NPHASE computations. For these analyses, a semicylinder domain was employed (see Figure 8) , that extended from 0.05 to 10.00 ship lengths astern. An initial bubble distribution at the stern was constructed based on a model due to Hyman et. al [20] , that accounts for bubble sources due to the hull-free-surface flow and ocean environment. An analogous
IMPACT/APPLICATIONS
Task 1: The motivation for investigating acoustic coherence in the ocean channel is a desire to improve the performance of undersea weapon systems that utilize acoustics to detect, classify and localize the target. Our emphasis is on temporal coherence and broadband signals because the undersea weapons development community is increasing signal time-bandwidth product at traditional weapons frequencies. Advanced, coherent signal processing architectures are contemplated, whose effectiveness will depend upon the impact of the ocean environment on temporal and frequency coherence.
Task 2: Acoustic propagation in any homogenous bubble field becomes dominated by incoherent effects at even moderate ranges, and is thus highly variable. Understanding this variability, for both homogenous and inhomogenous (i.e. patchy) bubble fields is critical to evaluating sonar performance in ship wakes and other bubbly environments. In general, understanding and being able to predict acoustic propagation through ship wakes is critical to the US Navy's development of an anti-torpedo torpedo (ATT) that can counter wake homing torpedoes. Since it is neither feasible nor affordable to conduct at-sea measurements using every ship class in every environment and using all possible combinations of ATT and threat geometries, a predictive model is required. Also, acoustic propagation through entrained air in water due to windwave action is important to the development of mine countermeasure systems for use in near-shore areas.
TRANSTIONS
The PE model adapted for acoustic propagation through the wake under Task 2 has been transitioned to the Surface Ship Torpedo Defense (SSTD) projects at ONR Code 33 and NAVSEA PMS 415. The model is currently interfaced to the Torpedo Requirements Model (TRM), which runs engagement simulations for performance prediction. Task 
RELATED PROJECTS
HONORS/AWARDS/PRIZES
None.
